Poly(ADP-ribose) polymerase-1 (PARP-1) is a key enzyme mediating the cellular response to DNA strand breaks. It plays a critical role in genomic stability and survival of proliferating cells in culture undergoing DNA damage. Intestinal epithelium is the most proliferative tissue in the mammalian body and its stem cells show extreme sensitivity to lowlevel genotoxic stress. We investigated the role of PARP-1 in the in vivo damage response of intestinal stem cells in crypts of PARP-1 ±/± and control mice following whole-body g-irradiation (1 Gy). In the PARP-1 ±/± mice there was a signi®cant delay during the ®rst 6 h in the transient p53 accumulation in stem cells whereas an increased number of cells were positive for p21 CIP1/WAF1 . Either no or only marginal differences were noted in MDM2 expression, apoptosis, induction of or recovery from mitotic blockage, or inhibition of DNA synthesis. We further observed a dose-dependent reduction in crypt survival measured at 4 days post-irradiation in control mice, and this crypt-killing effect was signi®cantly potentiated in PARP-1 ±/± mice. Our results thus establish that PARP-1 acts as a survival factor for intestinal stem cells in vivo and suggest a functional link with early p53 and p21 CIP1/WAF1 responses.
INTRODUCTION
Poly(ADP-ribosyl)ation is a DNA strand break-driven enzymatic post-translational modi®cation of nuclear proteins (1, 2) . This drastic modi®cation, consisting of long, branched chains of poly(ADP-ribose), is catalysed mostly by the highly conserved poly(ADP-ribose) polymerase (PARP)-1, using NAD + as substrate. Although this enzyme is very abundantly expressed in proliferating cells, its catalytic activity depends on DNA single-or double-strand breaks. Exposure of living cells to ionising radiation, alkylating agents or oxidants immediately triggers formation of protein-conjugated poly(ADP-ribose), which is followed by rapid degradation of the polymer catalysed by poly(ADP-ribose) glycohydrolase.
Considerable evidence from in vitro, cell culture and ex vivo studies shows that poly(ADP-ribosyl)ation plays a critical role in the survival and maintenance of genomic stability of proliferating cells exposed to low or moderate levels of DNAdamaging agents. This has been linked mechanistically with PARP-1 function in base-excision repair. Interestingly, the poly(ADP-ribosyl)ation capacity of peripheral blood lymphocytes is correlated with the life span of mammalian species (3) , and an association was found between poly(ADP-ribosyl)ation capacity and longevity in humans (4) , consistent with the cytoprotective functions of PARP-1 at low to moderate damage levels. In stark contrast, there is a risk of necrotic cell death due to severe NAD + and ATP depletion when PARP-1 is acutely over-activated.
The ADP-ribose polymer binds speci®c domains of the tumour suppressor protein p53 in vitro and is suggested to modulate p53 DNA binding (5) . Recently, a poly(ADPribose)-binding sequence motif was identi®ed in several important DNA damage checkpoint and repair proteins, including p53, p21 CIP1/WAF1 , XPA, MSH6, DNA ligase III, XRCC1, DNA polymerase e, DNA-PKcs, NFkB, iNOS, caspase-activated DNase and telomerase (6) . p53 accumulates to a high level in the nuclei of mammalian cells exposed to ionising radiation, ultraviolet, mitomycin C or restriction enzymes, as well as in cells infected with certain viruses (7) . Promoters containing p53-binding sites showed massive increase in transcription in response to DNA damage. p53 can be co-immunoprecipitated from nuclear extracts by antibodies to PARP-1, suggesting that the two proteins may exist as a complex (8) . Additionally, PARP-1 has been reported to poly(ADP-ribosyl)ate p53 (8, 9) , which occurs within 15 min after g-irradiation of cells (10) . p21 CIP1/WAF1 is a cyclin-dependent kinase (CDK) inhibitor that inhibits G1 cyclin/CDK complexes (11, 12) and mediates p53-dependent cell cycle arrest (13) . While p53 is not required to induce p21 CIP1/WAF1 transcription during development and in most tissues of the adult mouse, p53-dependent regulation of p21 CIP1/WAF1 is critical for the response to DNA damage (14) . One of us has shown that whole-body irradiation (8 Gy) results in death of PARP-1 knockout (PARP ±/± ) mice within a few days, due to severe disruption of intestinal epithelial lining as compared to wild-type (wt) mice (15) .
Intestinal epithelium is a highly proliferative organ in which stem cell positions are de®ned in terms of the spatial arrangement within the crypt (16) . At the crypt base are 4±6 stem cells, which are highly sensitive to low-dose ionising radiation. Doses of radiation as low as 0.01±0.05 Gy induce apoptosis in these cells. This extreme sensitivity presumably serves to decrease risk of neoplasia by eliminating stem cells that suffer signi®cant genome damage. The number of apoptotic cells increases with radiation dose up to a point (above~1 Gy) where all the true stem cells in a crypt are killed. If all true stem cells within a crypt die, their immediate daughters can assume the function of stem cells. These socalled clonogenic or potential stem cells are also radiosensitive but less so than stem cells, and they possess a high repair capacity. Doses in excess of~9 Gy will kill all the potential stem cells in some crypts, which as a consequence disappear from the tissue within a few days.
In spite of the intensive`quality assurance' mechanisms that serve to eliminate damaged stem cells, these cells have been shown recently to undergo functional alteration with age. Martin et al. (17) reported a 2-fold increase in the number of stem cells undergoing apoptosis in older (29 months) mice following 1 Gy g-irradiation, as compared to young (5 months) and middle aged (15±18 months) mice. The altered sensitivity of stem cells in older mice was associated with delayed expression of p53 and p21 in the early hours after irradiation (18) . These data suggest the interesting possibility that the functional alteration seen with age is linked with the immediate cellular response to DNA damage.
Most of the work to date on PARP-1 provides evidence for poly(ADP-ribosyl)ation playing an important role in DNA repair, cell survival and maintenance of genomic stability, but has been obtained from work in vitro or on cultured cells. To study in vivo the effect of abrogating PARP-1 with regard to the network of cellular stress responses and the cellular phenotype, we have conducted the ®rst comprehensive in vivo study on the role of poly(ADP-ribosyl)ation in response to ionising radiation in a stem cell system (intestinal epithelium).
MATERIALS AND METHODS

Experimental animals
PARP-1 null homozygous mice (PARP-1 ±/± ) have been described previously (15) and PARP-1 wt (C57BL/ICRFa) mice were used as controls. Mice were aged 2±6 weeks and there were at least four mice in each experimental group. The mice were fed ad libitum. All animal experiments were performed in accordance with the relevant national legislation.
Irradiation procedure
Unanaesthetized mice were exposed to whole-body irradiation with air being pumped into the chamber during exposure. A 137 Cs g-irradiator was used with a dose rate of 3.8 Gy per minute. All irradiation treatments were begun between 9:00 and 10:00. For histochemical studies, a dose of 1 Gy was used and animals were killed at 40 min, 1 h, 2 h, 4 h 40 min or 6 h post-irradiation. Forty minutes prior to sacri®ce, each mouse was intraperitoneally injected with 925 kBq of tritiated thymidine in 0.1 ml of physiological saline ([ 3 H]TdR, 248 GBq/mmol). For the crypt survival study, doses were 1, 5, 8, 10, 12 or 14 Gy and animals were killed at 4 days after irradiation.
Tissue preparation and histological analysis
Following sacri®ce, the entire small intestine was removed and ®xed in 10% formal saline overnight. A length of 10 cm from the ileocecal valve was removed for analysis. This was then cut into ®ve segments of~1 cm length. Each set of segments was bundled together using 3 M micropore tape prior to paraf®n embedding. After processing, the segments were sectioned transversely at 3±5 mm. These sections were stained with haematoxylin and eosin.
Immunohistochemistry and autoradiography
Fixed sections were immunostained with speci®c antibodies for p53 (sheep polyclonal IgG, Ab-7, Calbiochem), p21 (rabbit polyclonal anti p21 CIP1/WAF1 IgG, PC55, Calbiochem) or MDM2 (rabbit polyclonal IgG, SC-1022, SantaCruz). Immunohistochemistry was performed using biotinconjugated rabbit anti-sheep or goat anti-rabbit secondary antibodies (Pierce), horse-radish peroxidase-linked avidin± biotin complex reagents (Vector Laboratories) and 3,3¢-diaminobenzidine as immunodetection substrate, as previously described (19) , and then counterstained with thionine blue. For autoradiography, sections were rehydrated and coated in K5 nuclear emulsion (Ilford). After the emulsion had dried, sections were boxed and exposed for 3 days at 4°C. Slides were developed using Kodak D-19 developer and ®xed with Hypam ®xative (Ilford). Sections were counterstained with thionine blue and the labelling index (i.e. proportion of cells in S phase as visualised by [ 3 H]TdR uptake) was determined.
Scoring procedure
Apoptotic cells, mitotic cells, [ 3 H]TdR-incorporating cells and cells stained with p21 CIP1/WAF1 , p53 and MDM2 antibody, respectively, were scored on a cell-positional basis within the crypts of the small intestine according to the method of Ijiri and Potten (20) . For every staining procedure, 50 half-crypts were counted from each individual mouse in every group. Apoptosis was assessed on the evidence of morphological characteristics, such as cell shrinkage, chromatin condensation and cellular fragmentation (21) . Mitotic cells were identi®ed by virtue of chromatin condensation in the absence of cytoplasmic and nuclear shrinkage. In many mitotic cells, discrete chromosomal structure can be observed, and in addition, mitotic cells appear horizontally displaced from the other epithelial-lining cells, toward the lumen of the intestine. Data were analysed by modi®ed median test according to Potten (22) .
Crypt survival study
The parameters measured in the intestine were the number of surviving crypts and the width of the crypts. A surviving crypt was de®ned as containing 10 or more adjacent, healthylooking, chromophilic non-Paneth cells, some Paneth cells and a lumen. The circumference of a transverse section of the intestine was used as a unit of length and the number of crypts was scored in each circumference. Usually, ®ve circumferences per mouse and four mice per experimental group were assessed. Crypt width was measured at the middle of each longitudinal crypt section, using a Zeiss AxioHOME computer driven microscope system. Fifteen crypts were measured in this way for each mouse.
Data analysis for crypt survival
For the generation of the crypt survival curve, all data were corrected for crypt size changes following irradiation using previously established procedures (23, 24) . Measured numbers of surviving crypts were multiplied by a factor t 0 /t, where t 0 is the mean crypt width measured in longitudinal crypt sections in the control group and t is the mean crypt width in the treated group, thus taking account of the fact that smaller surviving crypts would be less likely to be detected in a given tissue section.
Standard multi-target functions (25) were ®tted to each data set giving estimates of the conventional parameters D 0 (reciprocal of the slope of the exponential portion of the line, a measure of radiosensitivity) and N (the extrapolation number, obtained by extrapolating the straight line portion of the curve to the survival axis at zero dose). The multi-target function has the form:
where SF denotes the fraction of crypts surviving. Estimates of D 0 and N were obtained for each set of data using the DRFIT program (25) , where A, the natural survival, should be 1, but as the control crypt number is not well estimated we ®tted the parameter. Variance±ratio F-tests were used to compare the model with common D 0 and N with that where they differ between the two genotypes, in order to test for any difference between the genotypes other than in crypt number.
Data on crypts per circumference and crypt width were averaged to give a single ®gure for each measure in the small intestine within each animal. Means and standard errors of the means for groups of animals were calculated on the basis of these ®gures. For comparison in each dose, signi®cance was tested by Student's t-test.
RESULTS
We assessed the response of p53, p21 CIP1/WAF1 , MDM2, apoptosis, mitosis and DNA replication of intestinal epithelial cells of PARP-1 ±/± and wt mice to low-dose g-irradiation (Fig. 1a±f) . In control animals (without irradiation) a few percent of intestinal epithelial cells expressed p53 spontaneously (Fig. 1a) . In response to irradiation, a rapid increase in p53 positive cells was observed in wt mice, as expected. In contrast, almost no positive cells were detected in PARP-1 ±/± mice at 40 min after irradiation. However, the number of p53 positive cells in PARP-1 ±/± greatly increased by 1 h postirradiation thus completely obliterating any difference between the two types of mice at 1 and 2 h post-irradiation, respectively. At 4 h 40 min, the number of p53 positive cells was signi®cantly larger in PARP-1 ±/± than wt, although the area under the curve was decreased for either mouse type. Almost all p53 positivity had disappeared by 6 h postirradiation. Taken together, abrogation of PARP-1 led to a delay in, but not loss of, the activation of p53 in intestinal clonogenic cells.
We also scored p21 CIP1/WAF1 distribution in intestinal epithelial cells. This protein was also upregulated in both types of mice by irradiation (Fig. 1b) . However, the timecourse study clearly showed that the number of p21 CIP1/WAF1 expressing cells was signi®cantly higher in PARP-1 ±/± than wt in the stem cell positions through the post-irradiation time period studied. Interestingly this effect was most pronounced in the region centred on cell position 5, i.e. the stem cell positions.
Control of p53 stability is governed by MDM2, the expression of which is induced by p53 in response to irradiation. Over 80% of intestinal crypt cells expressed MDM2 even in unirradiated wt mice (Fig. 1c) , while the fraction of positive cells was signi®cantly lower in the PARP-1 ±/± mice. However, after irradiation the number of positive cells increased in both types of mice and the difference could no longer be observed.
We also evaluated the frequency of apoptosis and mitosis, respectively, in the epithelial cells by haematoxylin and eosin staining ( Fig. 1d and e) . Apoptotic cells became detectable within a few hours after irradiation (Fig. 1d) . In the stem cell area, the frequency of apoptotic cells tended to be lower in PARP ±/± than wt at 6 h but the difference was not statistically signi®cant. Mitosis was blocked immediately after irradiation (Fig. 1e) and completely recovered by 4 h 40 min in the control animals. By this time, but not by 6 h post-irradiation, PARP-1 ±/± displayed fewer mitotic cells. In contrast to the rapid effect on mitosis, it took several hours post-irradiation to reduce the cellular incorporation of [ 3 H]TdR as a marker for DNA synthesis (Fig. 1f) , and the data recorded in the two mouse types were very similar. Thus PARP-1 does not seem to have any measurable effect on inhibition of DNA synthesis under these experimental conditions.
Finally we performed crypt survival studies to compare the sensitivity to radiation in both types of mice. We analysed the number of regenerating crypts of the small intestine at 4 days after various doses of irradiation (Fig. 2) . The ®tted D 0 and N values are summarised in Table 1 . There was a large difference between PARP-1 ±/± and wt in the number of surviving crypts in the intestine at doses of 8 Gy or higher, with the intestine of PARP-1 ±/± mice being signi®cantly more sensitive than wt.
DISCUSSION
In this study we found a delay in, but not loss of, transient p53 induction in intestinal crypt stem cells of PARP-1 ±/± mice compared to wt mice upon low-dose g-irradiation (1 Gy). Therefore, PARP-1 is dispensable for p53 induction in vivo but supports a rapid p53 activation response. Within the ®rst 6 h after treatment PARP-1 ±/± stem cells tended to display reduced incidence of apoptosis and delayed resumption of mitosis, but these effects were either not or only marginally signi®cant. Surprisingly, despite the delayed p53 response, the percentage of p21 CIP1/WAF1 -positive stem cells was consistently increased in the PARP-1 ±/± mice after irradiation at all time points studied, whereas the percentage of MDM2-positive cells and the time-dependent inhibition of DNA synthesis were not signi®cantly affected.
We previously reported a time-course study of radiationinduced p53 and p21 CIP1/WAF1 expression in murine intestinal epithelium using speci®c antibodies (26) . After 8 Gy of g-irradiation, there was a time-dependent increase in the expression of both proteins and p53 accumulation persisted for at least 48 h. The response of p21 CIP1/WAF1 was dependent on p53. In more recent work, some of us showed that after as little as 1 Gy of irradiation, p53 induction already occurred by 2 h post-irradiation (18) , and in the present study, a signi®cant p53 response could be seen in stem cells even by 40 min. Therefore, in murine intestinal epithelium, p53 activation is a very rapid response to even low doses of ionising irradiation, occurring within minutes rather than hours.
Several links between PARP-1 and p53 have been proposed. p53 has been shown to be a poly(ADP-ribose) acceptor protein (9, 10, 27, 28) . In addition, Pleschke et al. (6) reported a poly(ADP-ribose)-binding sequence motif of 20 amino acids present in several proteins, such as p53, p21 CIP1/WAF1 , XPA, MSH6, DNA ligase III, XRCC1, DNA polymerase-e, DNAPKcs, Ku70, NF-kB, iNOS, caspase-activated DNase and telomerase. This motif overlaps with several important functional domains of these proteins. Therefore PARP-1 might control not only p53 but also other speci®c signalling network proteins. That p53 is regulated somehow by PARP-1 activity is also made plausible by the fact that PARP-1 activation is triggered immediately after exposure to DNA strand breaks in vitro (29) . This is re¯ected in living cells by poly(ADP-ribose) accumulation occurring within a few minutes after DNA-damaging treatment (30, 31) . The function of p53 in inhibiting potentially hazardous homologous recombination events in mammalian cells (32) is also fully compatible with a similar role assigned to PARP-1 (33) .
Functionally, the effect of PARP-1 abrogation on p53 response to DNA damage has been studied by a number of groups in a variety of ways, yielding con¯icting results. Simbulan-Rosenthal et al. (34) reported that p53 was not detectable in PARP-1 ±/± ®broblasts. Wesierska-Gadek et al. (35) reported reduced basal levels of p53 protein in PARP-1-de®cient cells, which was not due to differences in the p53 gene transcription rate between wt and PARP-1-de®cient cells. Moreover, PARP-1 ±/± cells failed to transactivate p53-responsive genes. In contrast, Agarwal et al. (36) reported normal transcriptional transactivation by p53 in PARP-1 ±/± ®broblasts treated with DNA-damaging agents. Furthermore, one of us showed that in splenocytes of the same PARP-1 ±/± model, there was rapid accumulation of p53 after N-methyl-Nnitrosourea (MNU) treatment, as observed by western blotting (15) . However, addressing speci®cally the effects of g-radiation, Valenzuela et al. (37) found that primary mouse embryonic ®broblasts derived from PARP-1 ±/± mice failed to accumulate p53 in response to 6 Gy irradiation, suggesting that the type of DNA damage in¯uences the role of PARP-1 in the p53-mediated response to genotoxic stress. Finally, Beneke et al. (38) generated a new transgenic mouse system lacking PARP-1 activity in thymocytes via targeted overexpression of a dominant negative PARP-1 and reported a drastic increase of p53 expression and activity in thymocytes after DNA damage. The present paper is the ®rst to focus on PARP-1 in a stem cell system and our results reveal the absence of p53 accumulation in intestinal stem cells of PARP-1 ±/± mice in vivo by 40 min after irradiation (Fig. 1a) . In contrast, at 4 h 40 min post-irradiation, numbers of p53-immunoreactive epithelial cells were even higher in PARP-1 ±/± than wt mice, revealing a striking difference in the kinetics of p53 activation and highlighting the need for careful time-course studies when investigating the interaction of PARP-1 and p53 activation. p21 CIP1/WAF1 inhibits cell cycle progression by binding to and inhibiting the cyclin-dependent kinases and proliferating cell nuclear antigen (12, 39) . The expression of p21 CIP1/WAF1 protein mediates p53-dependent cell cycle arrest (40±43). Wilson et al. (26) found that the position of the p21 CIP1/WAF1 immunoreactive cells in intestinal crypts did not entirely overlap with that of p53, with p21 CIP1/WAF1 -positive cells being found at relatively higher cell positions. A similar difference in location between p21 CIP1/WAF1 and p53-positive intestinal epithelial cells was reported after 5-¯uorouracil treatment (44) . Interestingly, in the present work we found that upon irradiation the p21 CIP1/WAF1 -positive cells in PARP-1 ±/± tissue were located nearer the bottom of the crypt than in wt cells (Fig. 1b) . The underlying mechanism remains to be elucidated.
In the present study, survival of intestinal crypts in PARP-1 ±/± mice was drastically reduced even at irradiation doses that are sublethal for wt mice (Fig. 2) . By 4 days after exposure to 8 Gy irradiation, the number of surviving crypts of PARP-1 ±/± mice was approximately half of those in unirradiated controls. This is consistent with the previous observation by one of us that PARP-1 ±/± (exon 4 disruption) mice are highly sensitive to 8 Gy of irradiation (15) . Wang et al. (45) (exon 2 disruption) and Masutani et al. (46) (exon 1 disruption) independently con®rmed this hypersensitivity of PARP-1 ±/± mice to radiation. Lethality was due to massive disruption of the intestinal epithelium which became apparent a few days after irradiation. A reduction of crypt survival as drastic as shown here has not been observed in the small intestine of either p53-de®cient (47) or bcl-2-de®cient mice (48, 49) after sublethal irradiation doses. These observations underscore the notion that PARP-1 plays a crucial role in stem cell survival after DNA damage and that its contribution may well exceed those of p53 or Bcl-2.
Exposure of p53 null mice to 8 Gy of g-radiation resulted in massive reduction of apoptosis in intestinal epithelial cells with some residual fraction of cells undergoing p53-independent apoptosis (50) . In contrast, irradiation with 1 Gy failed to induce a p53-independent apoptosis in vivo (51) . Therefore, apoptosis of intestinal epithelial cells in this study (1 Gy) is very likely to be p53-dependent. Whether or not the massive reduction of intestinal crypts shown in this study at doses of 8 Gy or higher (Fig. 2 ) is due to apoptosis or necrosis is as yet unclear. However, it should be noted that in the immediate response to 1 Gy irradiation, apoptosis appeared to be slightly reduced in the PARP-1 ±/± tissue, making it unlikely that this is directly related to the phenotype of reduced crypt survival. It is tempting to speculate that increased p21 upregulation in the stem cell compartment of the knockout tissue (Fig. 1b) is causally linked with reduced crypt survival via terminal growth arrest of the cells.
The ATM protein, the gene of which is mutated in Ataxia telangiectasia patients, is a well known key player in DNAdamage signalling upstream of the p53 response and has been shown to act synergistically with PARP-1 in pathways that either monitor or repair DNA damage during mouse development (52) . It remains to be studied whether or not some difference in the regulation of ATM might underlie the differences in the p53 response of PARP-1 ±/± intestinal stem cells versus other cells such as cultured ®broblasts.
In conclusion, we observed that PARP-1 abrogation leads to a signi®cant delay in the transient p53 accumulation in intestinal stem cells occurring during the ®rst 6 h after 1 Gy of irradiation, but to an increased fraction of cells staining positive for p21 CIP1/WAF1 . During the same period there were only marginal differences, if any, in apoptosis, in the induction of or rapid recovery from mitotic blockage, or in the inhibition of DNA synthesis. We further observed a dose-dependent reduction in crypt survival measured at 4 days post-irradiation in control mice, and this crypt-killing effect was signi®cantly potentiated in PARP-1 ±/± mice, demonstrating that PARP-1 acts as a survival factor for stem cells in vivo at low DNA damage levels. Since it is becoming increasingly clear that the ageing of several tissues, especially those with high cell turnover, is linked with disturbances at the level of stem cells, further studies on the role of PARP-1 activity in ageing of intestinal and other tissues are warranted.
